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ISUMMARY

A machine has been developed to study
by means of a rapid adiabatfc cc$mgmesaion.
this machine exe:

the ignition delay of fuels
The &3sential features of

(1) The compression is completed in about 0.006 second

(2) provision is made for obtaining simultaneous records of
plston motion and cylinder pressure

(3) The conibustioncyltider is unlubricated

The rapidity of the compression renders the
investigating the ignition delays of fuels mder
comparable with those efisting in the end gas of
combustion engines.

appsratus suitable for
conditions of compression
spark-ignition intern.al-

Simultaneous records provide means for correlating yiston position
and pressure at any inqtant during, or after, the compression, and the
absence of lubricant on the walls of the conibustioncylinder ensures
against contamination of the explosive mitime by oil vapors.

The apparatus opens new possihilit~es for studying the detonation
characteristics of fuels. Also, the tests can be cauducted on a few
milliliters of fuel. This feature should be tivaludble in the case of
~ure compounds %iMch are availa%le oQy in mall emouuts.

INTRODUCTION

ti order to study self’-imition ~henomena under conditions more
easily controlled thE& those &isting- in en engine~ a nmber of C~-
pression machines have been %uilt in which a single, =pid compression
and subsequent self-ignition could be obtained. A brief description
of these machines, in which theti advantages sAd limitations are
discussed, is given in appendix A.
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A compression machine suitable for studying abart ignition delays
should have the following features:

(1) me campressicm should be as rapfd as possible

(2) There should be no rebound of the piston at the end of the stroke

(3) me WrMng cyltider should be unlubricated

(4) There should’be means for recording gas pressm?e and piston position
as a function of time

(5) A me- should be provld.edfor varying the cqsslon ratio and the
initial pressure and.temperature of the explosive mixture

A rapid compression is necessary in order to reduce heat losses to
the extent that the adiabatic process msy be closely approximated. It
,is also essential,that the coqmesslon be rapid if fuels having short
ignition delays are to be investigated.

Piston rebound at the end of coqmessim should be avoi&d in crder
to prevent the attendant adiabatic cooling of tie cylinder contents with
consequent errors in measurements of delay periods and i@tion tempe&a-
tures. The contaminbtian of the explosive mirture by Mbricant vapors
also should be avoided because it is another source of uncertainty.

Pressures in the cylinder should be recorded as a function of time
in order that the pressure-time cwves may be compared, deleg periods
measured, and combustion phenomenon, such as pressure waves, studied.
A record of piston motion should also be provided so that the position
and velocity of the piston at any instant can be determined. The piston
record will show whether or not the piston bounqed at the end of com-
pression.

With these considerations in mind, a machine has been constructed
which, ●as a first requirement,,compressesso rayidly that short delay
periods can be Investigated. The machine also possesses the other
features listed as desirable. The present ccrapressiontiresis about
O .006 second which is equivalent to the time of the compression stroke
of an internal-combustionengtie running at about 5000 rpm. The
machine, moreover, is rugged and no mechanical fa31ures have been
encountered as yet. The upper or driving-pressure cylinder was designed
to work at 2000 pounds per square inch, but the mextmum pressure used
to date has been cmly 500 pounds per square inch. These facts encourage
the expectation that the compression time ~ be decreased td about one-
half the present value should this reduction a~pear desirable.

This machine has been used in an investigation of the compression-
i~ition characteristics of four fuels. The results of this resesrch
are reported h reference 1.
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The authors are indebted to J. R. Diver (refereace2) for making a
preliminary survey of the field end investigating various methods of
preventing piston rebound, to W. K. Bodger end especially to E. A. Lsng
for making the necess~ desie calculations and drawings, a b
O. W. WelLes who made significant contributions to the development of
the apparatus (reference 3).

This work was conducted at the Massachusetts Tnstitute of Technology
under the sponsorship and with the financiSJ.assistmce of the I?ErbionM-
Advisory Committee for’Aeronautics.

DESCRIPTION Cl@’IMPD COMPRESSION MACHRiE

A cross-sectional view of the rapid compressim machine is shown in
figwe 1. The principal parts of the machine ere: the upper cylinder (1)
the lower cylinder (2), the cushion chmber (3), the cmbusti~ Cylfiaer (~),
the piston (5), snd the pomet valve (6). M@eti details
including dimensions, are given in appendix B.

CPERATION CF THE RAPID COMPR=SION ~

The machine is used as follows: the upper cylir@er is

of Ccmfltmlcticm,

sealed by
drawing up the po~et valve by means of a screw jack (7) *ich bears on
shear pins .(8)passed through a hole in the valve stem. With the piston
at the top of its stroke (as shorn in fig. 1), a mixture of fuel and air
is admitted to the ccnibustioncylinder. A charge of nitrogen at
500 pounds per square inch is then introduced in the upper cylinder and
a similar cherge at 110 pcnmds per squere inch is admitted to the cushion
chaniber. Small adjustments have to be made in the cushion pressure,
however, in order to conpmsate for the decrease in friction due to
wearing of the lead bands a the piston skirt; but the main objective
in varying the cushion pressure is not so much to keep the compression
time Wticulously constant aa to ensure proper seating of the piston.
A change of 2 or 3 pomds in the cushion pressure tight mean the cliffer-
ence between a smooth seating cf tie piston or one accompemied by a
severe mechanical shock. At the ad al the stioke the cushion pressure
rises to approximately 800 pounds per square inch and since a sensitive
gage is used to adjust tie initial preesure, protection can be provided
%y inserting in the gage line a valve ((78), fig. 2) which is always
closed inunediatelybefore firing the app~tus ● A check valve at the ‘ ‘
entrance port ((79), fig. 1) Pevents =everse flow of nitrogen fFEiiiS5i%e— — --
cushion chazriberto the ni~gem cylinder.

The po~et valve is them suddenly opexmd by dropping a weight on
the valve stem and shearing off the pins. The tiolent release of pressure
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causes the piston to descend rapidly; the cadmal pert, or snout (9),
compressing the mixture in the comhstion cylinder, and the psrt exterior
to the combustion cylinder compressing the entiapped nitrogen in the
cushion chaniber. The rapid build-up oflpressure in the cushion chamber
prevents severe mechanical impact of the piston at the end of its stroke
for, when properly adjusted initially, this pressure reaches a peak value
sufficient to reduce the yisten velocity to nearly zero. Ports (10) in
the piston then come into register with ports (D) in the lower cylinder
sleeve (12) and the cushian pressure is rel~ed. This allows the
driving pressure to hold the piston to its seat and when the pressures
are properly adjusted, no rebound occurs. The pistcm also remains
tightly seated during the explosion process.

The piston is returned from the end of lts stioke by removing the
combustion cylinder head and pushing up the piston with
piece of hard wood, rouuded on the upper end to fit the
and a hydraulic jack.

DESCRII?TIO?l(M’AUXILIARY APPARA!l?U5

Photographs of the complete appatus ~e shown h
schematic di~sm appears in figure 2. In this diagram

the aid of a
piston snout,

figure 3 and a
the component

parts are reai%ange~-from their-aotual relative positions for tke sake
of clarity. The compression machine (36) was mounted on a heavy steel
table which was secured ta an iron %edplate. A scaffold carried the
weight (37) used for sheex’ingthe poppet-valve pins. The weight was
constrained h slide In a guide and was supported by a rope which was
secured at a bracket (38). A trigger (39), to tiich a lanyard was made
fast, was used to trip the weight from the control panel which may be
seen in the foreground of the tap photograph h fig’ure3. A Stop ((41),
fig. 2) in the rope engaged with another bracket (42) at the end of the
fall and prevented the weight frcundescendi~ sny farther than was
necessary for sheering the pins.

Pressure for operating the machine was supplied by nitrogen .

cylinders
pressures
panel and

(43) through flexible pressure lines. The drlviruzand cushion
were measured by
connected to the

gages (44) @ (45) moull~d on tie control
cylinders by me- of flexible pressure tub@.

.

Temperature Control

The combustion cylinder was maintained at a mtform temperature by
means of a water jacket connected with a closed heating system. A
header tank (46) containing two electric immersion heaters (47) and an
adjustable thermostat (48) supplled hot water for the system. The water
was circulated through the combustion-cyltider jacket, through a small

.

,
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jacket on the line (49) connect- the fuel-air man iznk with the

●
combustion cylinder, thence through the jacket on the fuel-air mifing “
tank (~), and finally Wok to the header tank. A mall eleotiic
centrifugal.pump (51) was used for tiis purpose. The line connecting
the interior of the fuel-air mi~ tank to the cc.mibustioncylinder was
jacketed in order to prevmrt ~ condeneatlcm of the fuel on the yay to
the combustion cylinder. A mercury thermms ter (%) plac~ neer the pump
outlet was used to give the temperature of the circulathg water. The
tmperatme here was about 1° F higher th= the tempnature of the water
leaving the cylinder jacket, but Povision was made for imserting ther--
mmeters directly at the Wet and outlet of the cylinder ~acket should
this appe~ to be necessary. The thermostat kept the water temperature
constant within *l” F .

An auxiliary steam heat exchanger (53) waa installed in the circuit
In order to br3ng the a~aratus to temperature rapidly. Otherwise the
electric heaters were stzff icient. A small eunomt of rust inhibitor was
added to the circulating water to keep the metallic surfaces clean.

Fuel-Air Mixing Tank

A sectional view of tie fuel-air miring tank is shown in figure k.
The tank consisted of a water-Jacketed cyMnder closed at both ends, a
slidlng plstm, and a motor-driven fan. There were five openings in the4
%ottom of the tank - em air entrmce, a fitting In which a cork was
placed to act as a ssfety valve, an exit for the mixture, a thermometer

d fitting, and a manometer connecticm. The piston was made from a metal
disc and a leather cup washer was clamped at the rim. When the tank was
empty the piston rested on the bottom of the cylinder on the lugs (%)
but rose slowly when air was admitted. A wei@t of about 75 pounds was
placed on the piston rod in order to provide stiicient pressure to make
the leather seal effective ~ile the tenk was being filled. The pressure
was read from a mercury manometer mounted by the side of the tank.

When tie piston reached tie upper l~t of its travel, a small
brass ttiing fitting (55), screwed Wto the piston, protruded through a
hole in the cylinder head. This fittbg contained a small neoprene
diaphra+g, clsnrpedin ccmqyression,through which liqtid fuel was injected
by means of a ~odermic needle. In order to keep the fitting lined up
with the hole, tie piston rod was made square in cross section end was
passed thrc@ a squerfiguide (~) on the top of the cylinder. With the
piston at top center, the cyltider was airtight in spite of innumerable
pvnctures in the diaphragm, and mixhg and vaporization of the fuel took
place under conditions of no leakage so that a definite fuel-alr ratio
was accurately obtained.

.
After introducing the fuel, the mixhme was tlmrou@ly agitated by

means of the f= *ich was ~iven by a -1 ~ee-@ase tiduction motor
●

.
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mounted in a well at the bottom of the tank. This type of motor was used
in order to avoid spsrks which would Ineviti%ly lead to an explosion.
The motor well was connected with the tank through tie shaft hole which
was three times the di~tir of the motor shtit. A valve wae ylaced in
the bottom of the well for -purposesof flushing.

Since it waa important that the volume of the mixing tank be accu-
rately lmown, the motor, f- and fittings were immersed in water and their
volumes measured by the displacement method. The parts were then
thoroughly dried out end assembled. It was also necessary to prevent
any contamination of’the air as a result of evaporation of oil from the
motor bearings; therefore a motor having ball bearings was selected an~
these were thoroughly flushed out with gasollne end dried. The operation
of the motor W1thout oil was satisfactory,lecawe tie f= ~S wed O~Y
intermittently.

After filling the temk, the exit valve was opened end the weighted
piston descended slowly causing the mixture.to flow into the combustion
cylinder. Any leakage of mixture past the tank pistun during this process
had no effeet on the fuel-air ratio since the fuel and air were now in the
form of a homogeneous mixture. No lubrication was used on the walls or
piston of the mixing tank, although the leather cyp washer was softened
with neat‘s-foot oil during the process of construction.

The m.ifing tenk was insulated with a l-inch layer of magnesia covering
to diminish heat losses. The temperature of the water jacket was kept

$

sufficiently high to ensure complete evaporation of the fuel.

The fuel-air ratio was varied either by changing the amount of fuel
s

Injected or the quantity of air pumped into the mixing tank. The entire
contents of the tamk were cticulated through the combustion cylinder to
reduce dilution caused by the Mtial air in the ccmibustioncylinder,
and to diminish this dilution further, the combusticm cylinder was first
efiausted to 2 inches of mercury absolute by meens of a bend-operated

—

vacuum pump ((77), fig. 2)9 The mixture was admitted Imnediataly after
the cylinder had been evacuated, md when the charging was comyleted,
the inlet and exit valves were closed end the ccmtents seeled off at
atmospheric pressure. The barometer was read before each run, thus
determining the initial.pressure.

The volume of the tank was 1.10 cubic feet and the volme of the
combustion cylinder was O .00@+ cubic fcot. I%essures,of from 38
to 46 inches of mercury absolute were used h the tank in preparing
mixtures so that the ratio of the weight of mixture pissed through the
cy15nder to that retained for the test was at least 250:1.

The tank was flusked with clean, dry ah before preparing a new
mixture, by allowing the yiston to rise and fall at least three tties.
On the down stroke the air was passed out through the valve on the
bottom of the motor well. The air was thoroughly 4 titid by the f~
during this flushing process.

●

.
— . .
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It was considered inadvisable to use the laboratory compressor as
~ air sup@.y because this machine was well ltiricated end a certain
amount of oil-vapor contamination would be unavoidable. Accordingly, a
simple P- was built in which the cylinder end piston werp uziLubricated-
The piston was sealed by a leather cup washer pressed tightly against the
cylinder walls by an internal expemding caat-ircm split ring. A smell
quantity of neat’s-foot oil was used to soften the leather washer at the
outset and a little graphite paste was rubbed on the cylinder walls, then
wiped off =til they were practically dry. No further lubrication =S
supplied to the pump moughout the duration of the tests.

The piston-rod guide, %ich formed the lower cylinder head, was well
lubricated with graphite paate, but inasmuch as the yump was single acting
and the air was handled entirely a%ove the piston, very little contami-
nation would be e~ected from this source. The pump was driven by an
electric motor.

T!nedew point of the air was controlled by means of a drying tower (~)
and a hmidifier (59). (See fig. 2.) The dryq tower con~~~d al~n~
oxide with which a dew point of about -75° F was obtained. For dew points
intermediatebetween this vslue end that of a-sphere, a P=t of the

“ air was by-passed throu@ a flask contati5ng dis%llled water, end then
returned to the line. The air entered the flask through a glass tube ~
which terminated about 2 inches ahve the surface of the water. A silk
wick was fastened to the end of the tube and allowed to hang in the water.
All air entering the flask passed throu@ the saturated wick and was
thereby well hmidified. The exit from the flask was located at the top,
well above the smface of the water. The quentity of wet air admitted
to tie main air stream was re~ted by v=ves (~) end (61). me
drying tower and flask were protected from”excess pressure by a relfef
valve (62) inserted in the pump line.

Dust perticles were remwed from the air by passing it through a
filter (63) 18 inches long and 3 inches in dimter, *iGh =S &cked
with glass wool.

After leaving the filter the dew point of the air was determined by
drawing out a small sample frcm the line and allowimg it to flow sl”owly
through a dew-point hygrmetar (64) which consisted of a polished chrome-
plated tibe through which cold ether flowed. The etiherwas cooled by
mixing it with solid carbm dlofide. The temperature of *e” tube was “
regulated by controlling the rate of flow of cold etier. When frost
commenced to form on the surface af the tube, the dew point was read
from a toluene tiermometir, the bulb of which was immersed in the tube.

Additional remerks on
drying tower will be found

.

this dew point hygrometer and also on the
in reference 4.

.
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Pressure-Recording System

A sia’atigage on the cyltider head was used for determining
~ressures in tie combustion cyltider. This tit ccmsisted of a thin
strip of tisulating mater#al, l/k-~h square, on which was wound
stificient turns & fine isoelastic wire to make the resistance
1000 ohms. The gage ((13), flg. 1) was c~ted on the underside of the
cyltider head with Bakelite cement. This side & the head was flat and
the ~er side was concave. There was a ~ thicknese of 1/32-inch
at the center where the @ge wm located● When the cylinder head
deflected under pressure, the unit was stretched a we elec~~cal
resistance of the wire varied in proportion to the strain. This
resistmce change was directly com’elated with change in cylinder pressure
by proper cellbraticm. (See ~endix C.)

The gage was placed b series with a set of ‘%!’batteries, and a
cathode-ray oscIllograph was connected across the terminals of the gage.
The voltage drop occaslcxmd h the gage by the change in pressure in
the cylinder was registered by tie deflectian of the spot on the cathode-
ray lxibe. The amplitude of this deflectim was proportional to the chenge
in cylinder pressure. The reliability of the method is discussed In the
section H?ECIS1ON OF PRESSURE ~S. The actual circuit used Is
shorn In figure 5, and is descrfbed h de- ~ WPe~ix C ●

The camera used for photographing the spot deflection is shown
mounted on the table in front of the oscillograph in figure 3. A hood
was placed between the oscillograph and the cemera b prevent the film
from becoming fegged. A close-up view of the camra is shown in figure 6.

l?hiscamera consisted of a d
r

* case ccmtalning the only moving
part, a duralmin drum sprocket tithes in diemet~. A stiip of

8
s~-millimeter film, 2 to 10 feet long, -S Cofl-edloo~elY ~ the sWP4
box, mountad over the ,slot at A, = threaded.over the drum with
1 or 2 inches projecting tito the receiving box momted over the slot
at B. The boxes me not shown ~ figure 6. The drum was drfven through
a clutch by a 1~-horsepower synchrcmus rotor turning 18OO -, and the
film speed was determined by the selection made in a gear train which
- be seen in figure 3. Film speeds ranging from 25 to MO inches
per second could be obtained.

The supply and receiving boxes could be remo~ed end loaded or
unloaded fi the darkroom without disturb the cemma. The camera

V( )clutch was engaged by means of a solenoid 67 , fig. 2) actuated by an
adjustable timfng switch ((68), fig. 2) which was closed by the failing
wei@t. The instant of closing could be eltered by slidlng the stitch
up or down on the weight guide. The low inertia of the drm end film
and the ample driving power protided, brought the drum up to speed in
a fraction of a revolution. This informattcm was obtained by taking a
record of a 60-cycle
become symmetrical.

wave end noting the time required for the wave to

.
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Provision was made for registeri~ a time reference -k on the film
by passing a high-tension cm?ent from a spark coil through a small.neon
lsmp. This laq Is shown in figure 6 mounted in a small plastic block.
The block fitted in a hole in the back of the camera case and was made
detachable so that the hole could be used.when focusing the camera. The
flash was reduced to a sharp vertical Mne by ~ adjustable slit in a
recqer plate (shown in fig. 6 between the case ~ tie plastic
block), which was held h cantact with the back of the fIlm. The lap
was actuated by a set of breaker points ((69), fig. 2)”which were tripped
by the falling weight.

IiIearly tests the oscillograph was used in close proximity to the
compression machine as shown in figure 3, but with this arrangement the
oscillograph records were distarted by the pressure wave which emanated
from the cushion ports at the end of the stioke - $xrred the instrument. ,
Accordingly, a soundproof box (not sho~) was lnxlltaround the oscillograph
and the whole assembly moved about 20 feet fran the compression machine.
These modifications were hel~ful but not entirely satisfactory.

Piston-Motion Record3ng System

A camera, similar to the one described.In the preceding section,
was used tc-photographthe nmtim of tie piston. ThiS cemera iS shown
in figure 3, mounted on the steel table with its lens trajned on one
of the cylinder ports. The lens mounting inccqo=ted a small hood, in
which a thick plane lens was placed a short dlstemce ehead of the lens
proper ti order b protect it from shock end oil mist when tie cushion
presqure exhausted Wough the ports. The plane lens could be easily .
removed for cleaning.

The outer m,mface of the piston skirt was blackened by a commercial
‘Phosphate”process, and 14 horizontal lines about an inch long and
spaced 1/4 inch apart were cut in the surface and filled tith white
enamel. The lties passed successively in frent of the cylinder port as
the piston moved downwerd. The vertical d3mension of the port was
3/8 inch so that at least one white ltie was al~s in view. Mthough
the phosphate process darkened tie surface of the piston sufficiently,
it produced small ruts h the @ound surface end reduced its gaetightie~.
This was the princtpal reasau why the lead bemds were plated on the
piston ekir-t.l (See appendix B.)

The whtte lines were titmsely ilhninated by two spotlights ((71),
fig. 1) each containing a In-watt projection-lentern bulb. TWO li@ts

lNote ~at the piston skirt is referred to here 8nd not the piston
snout.
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were necessary In order to el=te shadows cast %y the shoulders of the
port. The lamps were fletibly mounted on the ends af lcmg arms which were
supported, independently of tie coqressicm machine, by a vertical suppoti
((72), figs 2) *ich rested on rubber vibration isol.stirs.

A vertical slit, shilar to the me use~ in the oscil.lographcamera,
was placed in front of, and in contact with, the film on the optical axis
of the lens. Thus only a smaKL segment of each %ite line appeared on
the film. As the piston moved downward, the smsJ.1image of the white-
llne segment (essentiallya point) moved verttca13y across the film at
the same time the film moved horizontally. The resulting trace on the
film was an oblique line the slope of which gave the velocity of the
piston. A series of these sloping lines was obtained as the multiple
lties in the skirt passed the port. (See fig. 7, lower record of the
pair n~bered 1*. ) Since the location and spacing of the linsE on the
piston were lmown, the position of the piston at any instant could be
accurately determined. In this memner it was easy to detect ~ether or
not the piston bounced at the end of its stroke.

A reference mark was fmpressed on the film by a neon flash bulb, as
previously described for the oscillograph camera, @ tie S- cmwt
and breaker points were used so that a simultemeousflash occumed in
both cameras. Thq reference marks thus established an instant of time
common ta both events.

The piston camera was also started by means of a solenoid ((73),
fig. 2) and em adjustable switch ((74), fig. 2) mounted on the weight
guide.

When adjusting the cushion premnme, a certafi munt of leme
occurred past the piston skfrt into the space above. This back pressure
sometimes resulted In a slight premature motian of the piston and was
undesirable not only because it ch~ed the effective stioke and thus
the contpressicmratio, but also because it deranged the relation between
driving and cushion press=es to the extent that the piston seated with
a severe mechanical shock. Fen?the purpose of indicating any such motion
a small contact was arranged in a plastic block, which was pressed inta
one of the ports h the main cylinder ((32), fig. 1). The block contained
a finger which extended throu@ the port and pressed against the side of
piston. Any slight motion of the piston mxed the f@er and broke the
contact, thereby extinguishing a small lMW ((75)~ fig ● 2) on the con~ol
board. In cinderfurther to prevent any build-up of back pressure, a

(
small hole about 1 64 inch in diemeter was drilled lhrough the cyl?.nder
wall ((76), fig. 1 into the space above the piston. This hole was not
hrge enough to affect materially the &riving pressure Immediately after
the release of the poppet valve.

.

,
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PRECISION CW 2RESSURE ~

Differences between values of pressure measured frcuuthe records
and true

(1)

(2)

(3)

(4)

(5)

(6)

values may be ascfztbedto the folluwing causes:

Leakage from the ctmibuetionchamber

Decay in oscillo~aph respanse with time

Heat transfer from the hot gases to the colder cylinder wa~s

Variations in the stxati-gage output with.use

I?onllnearityof the catiode-ray oscilllographresponse

M3nlineexity of the optical syst~

Tests were Iiherefore made to determine the ma@itude of each of
these effects.

(1) Determination of Leakage

Leakage fran the combuetdon chamber mder static
determined in the following manner!

Ccuxlitlonewas

A nitrogen cylinder and pressure gage were connected to the combustim
chamber by means of a special cyltider head identical with the regular head
but having a threaded hole in the center. Suitable precauti~ ~re
taken to have all connecticms gastfght so that “~ leakage would be
confined to the combustion chenber. The cheniberwas then filled with
nitrogen at 800 pounds per square inch. The nitrogem cylinder was then
shut off -d the fall in pressure timed with a step watch. The piston
was kept at the bottom of the cylinder during these tests because it .yas
in this position (i.e., after ccmnpresslon)that the maxhum ~resmres
were encountered. The $aoket temperature was raised to a value approxi-
mately the same as that used tien the machfne was in actual use in order
to reproduce any difference of expneion between cylinder and piston.

me retits & the leakage test are shown in figure 8. me upper
curve shows the observed rate of leakage Immediately after plating a new
lead band on the piston snout. The middle curve shows the observed rate
of leakege after the apparatus had been used to make ~ runs. It will be
noted frcxnthis curve that the seal loses sane of its effectiveness with
usage. The lowest curve represents, very neerly, ‘&e actual leakage
from tie chamber. !LMs last curve was obtatied fran the middle curve by
ad~usting the points to aJ3.cYwfor the volume of the connecting lines and
fittings ● Starting from a given initial ~essure, the time required for
the pressure to drop throu@ a given range is directly pomorticmal to
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the YOIUB d the combustion cheniber,M s~ce tie ch=ber * s~~ Y
the volume of the connecting limes end fitt~s had to be taken Into
account● The method of making this ad@stment is given in appendix D.

The maximum pressure attained at the end of the stroke fcm the
highest value of co~essfon ratio used was 518 pouuds per square inch.
From the lower curve of fQure 8 it wi12 be seen that the rate of pressure
drop at this pressure is 30 pounds per square inch per second, but tie
duration of the delay period ti these high-coqmession runs occupied aly
about 0.005 second; therefore the faH in pressure due to leakage during
this interval would be about 0.15 pound per square inch, or lees than
0.04 percent. At the other extreme where a del~ period U inches long
(O.055 see) was obtained at a ccqression pressure of 380 Qounds per
square inch, the rate of ~essure drop is, fran figure 8, 10 pounds per
square inch per eecond. Hence, the total drop in pressure during the
delay period wuld be 0.55 pound per square inch or 0.15 percent.

This test was repeated periodically and the pistau removed and
replated with lead when necessary. This was &ne, cm the average, *out
every 80 runs.

(2) wcw in Oscillograph Respase

IY a direct-current voltage is suddenly applied across the input
terminals of a cathode-ray oscil.lographand then maintained constent,
the amplitude of the spot deflection will at first represent the true
value of the applied voltage, but as time goes on the amplitude will
slowly drop to zero. This effect is a characteristic of the ampMfiers.
The pressure-time records in this case re~esent just such an electrical
phenomenon and it was important to know how much of the drop in the
trace during the delay perlcd was due to this electrical decay.

This was aecertatied by suddealy impress- a direct-current voltage
on the oscilLograph by mems C& a @table cimmit and taking a record
of tie response at the same film speed.(200 in. per sec) as used in the
investigation reparki in ref=sme 1. The voltage used gave about the
same spot deflection as that resulting frcnnthe.cqession of the charge.
The drop in amplltude, 0.05 secomd (10 film inches) after the sudden
applicaticm of the voltage, was ~er w tie e~rs ~~olved ~
meas=lng.

(3) Heat Transfer frcm Hot Gases ta Cylinder Walls

The extent of the heat losses after compression was appraised by
makingarunintheueual manner except that the cmbustion cylinder was
filled with air in order to prevent an explosion. l!hepressure record
was made very long so that the effect, eva if mall, could be ea8ily
recagnized.

m
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Measuramente showed tha%
for the first 10 inches after
llnearly for en additional 30

13

the fall ~ pressure with time was 8.7 percent
the compreaaicm and c-tinued to drop
imhes (see fis. 9). Ik a cmarison of

these r~sults with the pregeding tests cm lea and dec~,- it is apparent
that cool= is the most tionblesume souroe of loss of pressure during
the delay.

This test does not show how much heat was lost during compression~
but it may be used to form a good estimate by ccmpeMng the stiace-
volme ratios in the cylinder at the beginn~ =d =d of the stroke. The
comparison shows that the ratio is 30.9 times greater after compression.
Thus the record obtained for test (3) shows the extent of heat transfer
under the worst possible conditions. Assuming, however, that the heat
loss during compression is equally as great, the departure from the true
adiabatic pressure (for a caurpressiontime of 0.006 see) would be no
greater than 1 percent.

Leakage during compressicm was not measured, but there Is no good
reason to believe that &is would be as great as that determined under
static conditions unless iiheImrs of the cyltier were tapered. The
cylinder walls were pareillelwithin O .0002 inch.

Wan the results of tast (3) it may %e stiely assumed that the
pressure rise dmtng co~ssion was at least 99 percent of the true
adlahatic presswe rise.

An interesting erperfment al. these lines, which fvrther daonstmates
how the efficiency of the compression process is iqproved by reducing the
compres~ion time, was made by TIzard md Pye (ref=ence 5). They used a
rapid ccmzpressionmachine in which the plstm was actuated by a crank and
connecting rod (s&e appendix A). Their data for air exe shown plotted
in figllre10 ● It till be readily seen how the ideal adiabatic po?essure
(no heat loss) is approached as the compression time decreases. ~is
curve cannot be directly applied to the present a~atus in which the
cyltider shape and dimensions were differ-t, tie maxhmm compress~on
pressure.was about twice as great, end the oylinder wells were not
lubricated, as ~ .Tizardand Pye’s apparatus. All these coniiiderations
with the exception of cylinder shape would make tie heat losses less
in Tizard and Pye’s apparatus for the same compression time, hut it till
be noticed that their smallest compression time was eight times longer
than that used In the present work (0.05 sec capaxed with 0.006 see),
anilfrom figure 10 it may be camputed that tie ~essure rise associated
with a 0.05 commission the would be 96.5 percent of the adiabatic
pressure rise. ‘For
time was limited to
was only 90 percent

mechanical reasons, how%er, their
0.14 second and thus their working
of the adiabatic.

routine compression
compression pressure
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(4) Variation in Stiain-GageRespcmse

A curve showing the respcmse of the strati gage against applied
yressure is given in figure 11. TMs curve was determined at the
conclusion of the work by the method described in a~endix C. The curve
shows that the response is linear up to 800 pounds per square inch end
then departs slowly fmm a straight line so that at 1.800pounds per
square inch it is about 15 percent low.

!his deviation could be allowed for if the sensitivity of the gage
remained consteat, but unfortmmtel.y this factor varied with use. Ihe

sensitivity decreased after a few runs - in one of which the pistin
seated so severely that it was thought the mechanical shock had loosened
the gage somewhat - however at a later pertod during the work the
sensitivity increased again. Exact measuremm ts of explosion pressures
therefore could not be obtained. The peculier behaviar of the strain
gage was ~obably due to the difficul~ of satitiactorilysecuring the
unit to the cylinder head.

Coqxresslon pressures, however, ~ be safely taken at their adiabatic
values.

(5) and (6) RniMx=witv of Cathode-Ray Oscilbgraph and Optical System

Over-all errors in presswre due to ncmMneewity of the cathode-rqy
osclllograph and optical system were checked by means of the same cticuit
used in test (2). But in this case, vsrlous voltages covering the useful
range of spot deflection were suddenly applled across the oscillo~aph
terminals and a separate record made for each deflection.

Values of spot deflection measured on the films against applied
voltage are shovm i.nfigure 12. The curve is linear within the precision
of measmement. The oscillograph-camerasystem, than, has no significant
errors.

These records also gave a meema of determining the decay (as in
test (2))for values of spot deflection greater than the compression-
pressure range. For deflections in the e~losi~-pres~ure -e the decay
amnted to about 2 percent after 10 inches of de-.

~ON CIE’REWIR3E

Records cd’piston displacement against time end cylinder pressure
against time, taken at a film speed of 200 inches per second, are shown
in figure 7. Time increases from left to right and vertical distances on
the original piston-displacementrecords are 0.80 times actual size.

1
m
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Record 181 shows that the driving snd cushion pressures were not

, properly adjusted. The cushion pressure was too low, for the piston hit
bottom sharply at A, rebouutid a vertical dlstsnce of 0.07 inch, and came
to rest at B. lh record 123 the cushion pressure was too high. The
piston descended to within 0.19 Inch fran the bott@n at C, end although
the ports were partly open at this pdnt, the release of pressure wa8 not
rapid enough end the yiston surged ~ en adMtimal 0.09 inch at D. Here
the cushion pressure dropped suPficientl.yto allow the yiston to move
downward again thus completing the stroke at E. The seating was not
acccunplishedsmoothly as cm be seen from the slight mechanical bounce
just beyond E.

When the driving end oushicm pressures were in _properadjustment a
record like the lower one in tie-pair nmhered 1% was ob~tied t me
small fillet with the slope tapertng off to zero an instant before the
end of the stroke, at F, shows &at the velocity was reduced to zero @t

-before the piston seatid. Thus there is neither surge nor bounce and the
record may be taken as an ideal for piston motion. The compression the
for this record is O.00% second. A slight waver= of the lowest line
cm be observed after seating %ut this does not represent a piatan
vibration. It is due to the shak~ of the camera lens after the impact.
This was demonstrated by loosening the lens mount whereupcm the amplitude
of the vibration was greatly Increased. h additional check was to be
had in the trace made by light reflected from the lower edge of the port
in the cylinder sleeve. This trace did not appear in alL the records,
but can he seen rather faintly In record 181 as the lowest kite line In
the group. The undulations in this line, beyond B, yartiel those of the
piston and thus tidicate that there was no relative motion between the
piston and the cylinder sleeve or, b other words, tie piston remained
tightly seated.

The records show in figure 7 show = SIOPhg ~~s,~ me ftist of
these Mnes is defii~ted in record 181 by the letter G and the last
by the letter “H. The bri@t white band at the %eginning of the
records, just %elow the first Wite line, is due to light reflected from
the upper pert of the lead lmnd, ~ich made a good reflscting surface.
Although 14 horizontal lines mre inscribed on the piston skirt only
12 lines shw in all these records because We lowest 2 lties were always
%elow the port aperture in the sleeve.

On most of the recmds the last line awesrs dou%le because of an
hage of the lower edge o? the ytston port behg formed just above the
line. It is more or less visible, depend= on lighting conditions. It
msy also he noticed that ‘beforethe piston starts to move, the field is
scmetiat fo~ed because of tmdesix’ablereflections frcm the piston skirt,
%ut after the piston has seated the field Is olear, showing that the
ports are open. ~ too much Mbrication is placed cm the piston sktit,
a *its smoke, or mist, appears in the nitrogen which is e-usted through
the ports, snd this obscures the final phase of the motionj therefore
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precautions were taken b keep the lubrication at a minimum. It should
be reoalled that the pis~ skfrt ((23), fig. 1) was li@tQ lubricated,
but not the pistcm enout ((9), figg 1), end thus tie caibusthn chaniber
was alms kept dry.

The pressure record for ~ @ (fig. 7) 1s shown directly above the
piston record for this run. On the vertical pressure scale, 1 inch
represents approximately 2700 pounds per square inch (in this particular
record). The record was taken at the same film speed (200 in. per see)
as the piston record, and they are sc alined tht a vertical line drawn
across them represents an instant of time comon to both ● This syn-
chronization of the records was first accomplished by means of the neon
flash bulbs described previously, but after it was noticed that the
instant of seating of the piston was always acccxupaniedby a high-frequency
vibration on the ~essure record, it then became unnecessary to use the
flash timers.

h the pressure record for ruu 193 a ti amplitude vibration,
probably caused by the mechanical shock of the wei@rb hitting the pop)et-
valve etem, cen be seen at 1. Jhst beyond this disturbance, at J, a
small vibratia of higher amplitude can be secm which ~ be clueto the
PoPPet ~ve iX@n@ng an tie top of th8 piston. However, no marks have
been found an the top of tie pista nor bot~ of the valve to indicate
with any certednty that such is the case. Between I end J the piston
starts to move and the pressure ltie slopes upward as the cylinder pressure
Increases. Maximum campressian pressure occurs at K, as the pistan
reaches the end of the stroke, - the instant of ~act is recorded as
a sequence of high-frequency tilmations. This is the disturbance which
serves as the refawnce mxrk for allning the two recordE. ThiS disturbance
was usually more pronouncedthanthat shounlm record @, but in any
case it did not represent a severe mechanical shock because wry little
Impression was left on the Impact rings ((1,9),fig. 1), in the course of
normal operation.

The compression ratio for run 196 was M..7:1 and, assuming adiabatic
compression with en exponent & 1.32, the pressure at K is 379 pouuds per
square inch. The presswe then drops off sll#rKly, presumably because
of cooling, and reaches a minimum at L. Beyond L the heat generated by
the preliminary reactions offsets the cooling end the pressure rises
again, gradually at first end then rapidly aa the explosion point, M,
is approached. It will.be observed that, ti this particular case, there
is no discontinuity in the &ace in the explosion region; the curve is
characterized by well-rounded fillets Just before end Just after the
explosion. It will also be noticed that tiere are no high-frequency
vibrations following the eqlosion. !l’Msfact may indicate that there
were no pressure gradients In the chmiberj that is, ignition occurred
homogeneously throughout the mixture.

.

.:

.



a

*

.

TiACA~ ~0. 1332
.

Peak pressure for run U% occurs at N.
the line of zero pressure is 0.39 inch which
the maximum compression pressure. Since the

17

The height of point H above
is 2.79 times the height of
compression mesaure was

379 PO=* Per ~q-e itih, tie peak pressure eh&Ld be 3?9 x 2.79 = 103
younds per square inch. Actua13.ythis pressure is about 1~ percent below
that calculated theoretically from therm-c cherts (reference 6).
The reading is low most likely because of the nonlineer response of the
strain gage. The curve falls off gently &ter peak pressure because.of
heat losses, dfesociatim, SM leakage. The pistcm record shows that
the piston remained tightly seated during end after the explosicm.

The pressure curve is smooti as far as tie ‘regionof point O, after
which it gradually breah into a serfes of irregular waves the amplitude
of which increases with time. These waves do not represent changes in
the pressure level. They are the result of microphcmic e~itathne in
the oscillograph amplifiers caused by sound waves set in mtion by the
opening of the cushion-cheuiberports at the end of the stioke. Thit3
clifficulty was el~ted toward the conolusicm of tie work by changing
osclIlographs. (The extxa oscillograph was not available at the outset.)
On the whole these extmumous waves dld no great heIZUe~ept when the
delay was long, fcm then the &ace was badly Mstarted In the explosion
region.

The exploslon curve shown in record 196 is not chsmaoteristic & all
recordsj it represexitsa mean betueen two extrane types. In one exixeme
type the conibustiontook place suddenly at the end & the delw period
and represented a discontinuity in the trace. TMs @_pe is exempllfied
by record 188. The rise in pressure due to tie ~reMminary reactions
becomes noticeable near the mtddle of the delay period and continues until
the general pressure level has risen by approdmately 30 percent. An
~brupt change the% takes place and the pres~,rattafne its maximum value
instantaneously. The time required for this instantaneous change

can be estimated from the record at less than O.0000~ second. This type
of explosion is always followed %y high-frequency oscillations which may
represent either gas vibrations in the cylinder or mechanical vibrations
of the cylinder head at its natural frequency, or hotih.

If the oscillaticms represent gas vibrations then it would follow
that ignition of the chsrge did not take place at exactly the seinetime
at alJ points, or that the rat% of burning vsxied in different parts of
the charge. Only through one or both of these effects could pressure
~adients, and thus pressure waves, or gas vibrations, be set up. ~
this case a slower rise of pressure then tiat tid.icatedby record 18$
would be expected. On the other hand, lf the cherge ignited simultaneously
and burned at the seinerate at a sufficiently large number of points,
there would be no large pressure gradients, even”tJmu@ the rate of
pressure rise was extremely raptd~ ant the gas as a whole would remain
quieecent. The suddenness & the reactfon, however, might act cm the
cylinder head like a hamer blow end cause it to oscillate at its natural
frequency. This explanation seems more plausible stice it will be .-— —
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noticed that the vibrations following the exploaia appear to be of the
sane frequency as the vibrations following the mechanical shock of impact
after compression. The mechanical.vibrations are small in recofi 188, but
a good comparison can be had from record 287, also shown in f@re 7.
The frequency of the mechanical vibration should be the same in all
records, and thfs appears to be the case.

A general survey of the type of erplosion exemplified by record 188
shows that the time required for the post-explosion vibrations to damp out
is about the same as that required for the mechanical vibrations caused
by piston impact to dagp out, when the Initial smplttude is the same in
both cases. This would further indicate that all the observed vibrations
were purely mechanical.in nature.

The other extawme type of explosion record is chsracterized by
record 287 (fig. 7). Here the pressure rises cmtinuously frcm the end
of compression until tie mex5mum pressure haa been attained. The slowness
of this pressure rise can be explained either by the theory that the
combustion proceeds by me- of a progressive burning, that is, a small
5nitial inflamuation which Is propagated by means of a flame frent, or by
the supposition that combustim proceeds by means of a series of chain
~eactions without any ~ked acceleration, that is, as thou@ the
preliminary reactions proceeded to completi~ at a more or less uniform
rate. Good reasons can be advanced in support of either process, but
the matter can be definitely settled only by extended experimental methods.
A transparent window in the combustion chember through which the ignition
and flame development could be photographed would be helpful in thls
respect.

The facts that the records are not all of the seine type and that some
pressure rise always occurs before explosion introduce difficulty in
defining the del~. For cases in which the explosion is sudden, the
delay is easily defined as the interval between the end of compression
and the instant of explosion. h other cases, such as that exempllfied
by record 287 In which the pressure rises continuously after compression
without any discontinuity, a definition of de- must be more or less
arbitrary. Delay can be defined h several wqm! end a few definitions
have been given in reference 7. For work with the rapid compression
machine,delay will be defined as tie time imterval.in seconds between the
end of adiabatic compression and the instant at which peak pressure is
attained.

A rapid adiabatic conrpmssion machine has been developed at the
Massachusetts Institute of Technology with the foUmwing characteristics:

1. The machine gives a compression time of less than 0.006 second
or about one-eighth that of sw previous machine.

.
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2. By raising the drivjmg pessure above the value used in the present
tests (!500lb/sq in.) the canpression t- can be sribstantiallyreduced.

3. The machine incorpox%rks en accurate end satiefac~ method of
recording piston motion.

4. The electrical pressure-recording system is enttiel.ysatisfactory
for the measurement of delay periods, but Is tmreliable for the accurate
determination of pressures.

—

5. The absence of lubricant in the working cylinder constitutes an
advantage over previous machines and elhinates a serious source of error
in the measuranent of ignition delay.

6. Because tests can be conducted with a few ctiic centimeters of
fuel the apparatus is suitable for determining tie cmubustion characteristics
of pure compounds avail~le only in smaH quantities.

Sloan Laboratories for Aircraft and Automotive -es
Massachusetts Institute at Technology

Cambridge, Mass., December 29, l%k
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AP2ENDIX A

COMPRESSION-lX311TION~

A study of the igniticm tauperatures of gases by mesas of a rapid
adiabatic ccmpressicm was first undertaken by FaXk (reference8) ti 1906
at the suggestion of lVernst. Falk described his apparatus as follows:

“In order to heat the gas whose ignition temperature was to be
determined, it was necess~ to enclose it in a small vessel supplied with
a device for allowing the gas ta be cmnpressed instantaneously. Two
pieces of apperatus were construcrkd on the same plan, but of different
sizes. A section vertically through the center is shown h figure [13].
A steel cylinder AA was screwed titc a wou@t iran plate, IL, so as to
fit absolutely air-ti@t. The Tiston head B fitted closely into the
cyllnder AA. The piston rod CC waa made a little narrower (about 2 mm)
than B. The piston head tngetier with the piston rod was made of one
piece of steel. It waa topped by an fion plate, D, screwed on to the
piston rod. b order to have the piston head slide into the cylinder and
at the same time petit no leakage, three circular grooves each 1 mm wide
end 1 mm deep were cut titc the former and wound with hemp. The cylinder
was filled with the gas ta be studied throu@ E, a brass tube 5 mm in
diameter soldered to the cylinder. The compressiac was obtained after
enclosing the gas in the cylinder and pushing the piston down below the
opening E so as to shut off access to the air by allowing a weight to
fall on the plate D. By increasing the size of the weight end the distance
of its fall, as great a compression, and consequently as high a temper-
ature as was desired, could be obtained. A brass r-, 1 cm in width,
was fitted on the piston rod so that it could be moved w end down only
by the use of some force. This served to show the smallest volume of
gas in the cylinder during a compression, as the ring was pushed up by
the walls of the cylinder as the piston descended, and then remained
fixed in ~osfthn when the piston moved upward again, thus indicating
the lowest point reached by tie piston. =- the dimensions of the
apparatus, the volmne reached by the compression could then be calculated.
Lenoline was found ti,,bethe best lubricant for the piston, and was used
throughout this work.

Falk improved his apparatus slightly fi 1~ when he substituted a
ring of fiber board clemped to the piston rod by me~s of a screw, instead
of the brass ring, and substituted two leather packed grooves on the
piston for the three hemp-wound grooves. (See reference 9.) A photograph
of this machine is shown in figure 14. Falk constructed a total of four
compression machines with inside cylinder diameters varying from about 1 inch
to 2 inches and concluded:

,

,

.

That there is no radiatim or loss of heat in any other way
during compression . . . because the four pieces of apparatus
differtig so much in size give essentially the seineresults.

“
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The machtie Falk constricted did not protide for the direct measurement
of cylinder pressures and because of this deficiency his machine gave no

,
evidence of the phenomenon of ignition delay. The appcatus was used oniy
for obtaining data from ~ich the iguition _erature of a gas could be
ccnnputed. The ignition temperature ccnuputedby Felk would be that
temperature at which the apparent delay is zero. (See reference 7.)

The meihod of adiabatic compression was nee imestigatid in 1914
by Dixon, Bradshaw, and Canpbell (reference 10), who gave the following
description of their ap~tus (fig. 15):

‘f~ order to study tie initiation of the flame produced by the
adiabatic compression of gases, experiments were made in glass tubes so
arranged that the flame could be enalysed by be= photographed on a
rapidly moving film. –.

% figure [15], A4 was a stout glass tu%e X2 mm in diameter snd
650 mm long containing the gases to be compressed. This tube yas held by
means of wooden clamps in a horizontal position with its closed end
(cushionedby a pad of velvet) against a stout wooden support. The steel
piston-rod EE could be rapidly forced into the tube by the falling
pendulum (W), which was s.

T

ended from a beam in the ceiling by a trellis-
work 3 metres long Cfig. 16 .

l’Toprevent the piston-rod from buckkhg under the sudden strain,
it was held by three steel cases (C, D, E) which slid one inside tie other
as In a telescope, and supported the long pisbn es it was being pushed
home.,

“The pendulum could be arrested at any desired point by means of the
wooden blocks (HE), the position ti which could be adjusted by inserting
or removing steel plates (FF) - thus allowing a tier or greater
compression.

#
“The image of the flezuewas focused by means of a lens o{ to the

photographic fib, which was fastened on to a wheel, 1 metie in circumfer-
encee, capable of being rotated in a vertical plane at any speed between
20 and @ revolutio~ per sec~d as desfred. The actual motion recorded
on the film is therefore compounded of two velocities: (1) the vertical
downward velocity o% the film, and (2) the horizontal velocity of the
image of the flame.

The principal improvements in thte apparatus over Felk’s was that
the piston was stopped at a more definite petit in the stroke, and records
of the ex@osion were obtained. By means of these records Dixon and his
associates were able to show tiat Falk’s machine gave erroneous results.
They said:

●
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It was evident from these experiments [1.e., recorde~ that the
piston was not stopped at the moment the gases reached their
Ignltian point, but at we mauent the moving face was removed..
The position of the collar showed.that the manentum of the
piston alone was not sizffioientto move it appreciably after
the arrest of the pendulum . . . . . The minimum volune
obsemed when a ~aeous mlxt=e is fired.b~ adiabatic—.
Collmressia ~ theref mti=i~ its Imition point ●-=

Also, regarding a statement & Falk tit a o~ee8ion wa~e, due to
motion of the piston, might affect the igniticaztemperature, Dixon
co-workers said:

& the experiments so far nwle we could detect little evidence
of any violent cmpre06ion waves.

It appears -t Dixon and co-workers ware the first to recognize
clearly the existence of au iguition delay, far they remarked:

%@me Idea also may be famed fraz these expcmlmente,as to the time
which elapsed Between the mcmunxt*en the ‘i@tiaa-pobt was reached
and the mcment when the flmne started. If we assume that the i~ition-
point was

i
ust reached h the eeocmd e~erinwnt when the temperature was

about ~78° C), and the pisten was 36 IEUfrcunthe closed end of the tube,
we may also aseume fiat the i~ition-point was reached in the fifth
e~erlment when the plsten -ived at the same place ti its fmward
movement. The photograph shows, however, that in the fifth experiment
the piston had time to travel forward at least 22 mm frcm this position
before the flmne apyared. The time reqwimd for the piston to travel
*Is distance was at least 7 mine-seconds. The heat produced by the
compression from 36 to 14 mm would have raised the temperattie of the
gasee from 5780(C) @ 9750(C) (approximately),and this rise of temperature
would have hastened the self-heathg. A ~-flame period of 7 mille-
~econds fs ~ere+’ore a minimum for this mixture when brought to the
ignition-point. On the other hand, by making the pendulum break an

electric circuit just when the piston was stopped 36 nznfrom the end of
the tube, it was poeslble to photograph a spark on the moving film, and
so to measure the time-intervalbetween the sp~k and the first appearance
of the flame. l%is gives tie pre-fleme period about 13 mille-seconds when
the retardation of the spark is taken into account. The pie-fleme period
is therefore of the order of 10 mine-seconds (or l/100~ of a second)
for this mixture under the conditiane of the experiment.

. .

Wkat Dixon end co-workers caXled the “~e-fleme perioi#”is now
genefally r~ferred to in engine work as the del~ perid, or more simply,
the delay. The variatian in the delay period with manner of compression,
as noted by Dixon and colleagues, is of fundamental importance in the theory ,
of engine detmation. (See reference 7.)

Fal.k’swork was repeated by Dixon and Crofts (reference Il.)with a
new apparatus. E e~d~e gained in the prel~ary work with the glass

3

.

Ignition chamber
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.
fiat modifications of FaUs’s apparatus would be desirable

~ ‘o~er to determine tie ignition-point of gases by adiabatic
compression. The cylbder must be sufficiently wide to prevent
appreciable cooling by the walls of the centrellmass of gas
~uring compression; it must be sufficiently long to give a
fInal volmne’ that can be measured with accmaoy; the piston
must be driven in rapidly, it must work gas-ti#t without the
lubricant coming into contact tith the explosive mixture, and
it must be stopped the moment it has compressed the gas b the
- ignition-pcdnt. After many experiments an apparatus was
construeted that fairly met “theabove requiremmts.

The apparatus of Di- and Crofts is shown in figure 17 and is
described in their paper as follows:

“A steel cylinder 56 cm long and 11 cm in disme~ was bored with a
central cavity (C) . . . 30J2nunin diameter toa petit 45cmfrcm the
upper end; the cavity was continued through the cylinder in order to
facilitate the boring, but this lower part was enlarged, and could be
closed by a steel plate (Pt) kept in place by meens of poweflul screw (S).
The joint was made gas-ti~t by means of SA smnulsr washer (W) of lead,
which was squeezed well into place by help ct the screw. Through the
slde-wall a hole was pierced at the bottom d the cavity, just above the
steel plate, and the hole was fitted with a steel plunger (Pi), by means
of which the cavity could be shut off dur3ng m experiment; when open,
however, connexion could be made by means of the three-way glass tap
(Tl) (not she-) Wth the ~-holder (and mummeter) or with the outside
air.

“A cyltidrical.steel piston (Pa) with a head (E) 5 cm long and
5 cm in diameter fitted loosely into the explosion chamber. At its inner
extremity it was furnished with a leather washer (L), and beyond this with
a bronze cap (B), which made a close sliding fit with the cylinder walls.

“TO prevent damage to the walls it was necessary to have the pistan
a loose fit in the cylinder, but in its descent it was centred by means of
the steel collar (Col), which was fastened do= by mans of four screws.
Hard chrome-steel plates (P) cut with a slot could be placed on this
collar, and served to stop the pfston by catching the piston-head at any
desired point in its descent; these plates were made of various thiclmesses
2 ma 1 cm, 2, 1, 0.2, -a O.lmm - end were calibrated from time to time.

“The cylinder was held by an iron f-e (F), which rested on a large
bed of concrete; it was surrounded by a brass water-jacket (J) (not shown)
fitted with a stirring arrangement.

“The

76 kilos.

on to the

compression was effected by allow3ng an iron weight . . . of

(2* cwts) to fall from a height (usually & 1.5 metres (5 ft))

piston-head -- the weight falling within wee &on guides . . .”
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Although this apysratus enibodiedmany improvements, it suffered from
two serious defects, namely, that the piston was free to bounce after
completing its stroke, and no records of cylinder pressure were provided-.
Under these circumstances, determinations of ignition temperatures were
ambiguous, and accurate measurements of del~ impossible. Dixon and
Crofts mention, however, that they later equipped their machine with a
device which gave a record of piston motion (frcxnwhich they ascertained
that the compression time was 0.06 see), but they did not pfilish this
record.

A compression machine free from the defect of rebound was built by
camel 3-u(lermsmyin u16 (reference 12). Cassel pointed out that
adiabatic cooling of the mixture would take place if the piata were
allowed to rebound at the end of compression end that this cooling might
be sufficient to snuff out an incipient explosion. Cassel also provided
an indicating mechanism which gave a record of ptstan motion. A sketch
of Cassel’s apparatus is shown in figure 18.

This apparatus ccmsisted of a heavy steel cylinder A, 1.74-inch
inside dismeter, with a threaded opening B, 6.89 inches from the bottcm,
for admission of the mixture. The piston C camied twb leather rings
lubricated with psraffin oil. The piston head D was guided by stiut steel
uprights E (only one is shown in fig. 18), screwed into the base of the
machine. The pisti’nhead carried a rod at the end of which a stylus F
%?aBfixed. The stylus pressed against a drum G which rotated concentric
with the comlnzstioncylinder on the ball bearings E. The drum was coated
with lampblack, and was rotated at constant speed by an electric motor
with a heavy iron flywheel. As the piston roved, the stylus scratched a
record of the motion on the rotating dmnn. In order to prevent the
piston from bouncing at tie end of compression, a set of brake shoes was
provided on the guide which held the failing weight in position. A set
of lead washers was also placed on the top of the cylinder tQ dissipate the
energy at impact. This equipment is not shown in the sketch.

●

. .

A record taken by Caasel is shown in figure 19. That he succeeded
in eliminating the bounce is apparent. The line AB represents the descent
of the piston with the impact occurring at B. There Is no evidence of
bounce in the region BC. At C the explosion occurred facing the piston
upward rapidly mtll the pfston head was brought to rest by the springs I
(fig. 18). The wavy lines in figure 19 axe timing marks, generated by a
tuning fork making 435 vibrations per second, srd indicate that the
carpression time was about O.@l second. The record of figure 19 was
obtained by checking the tlescenitof the piston at gradually decreasing
distances from the bottom (and thus gradually increasing the final pressure)
until ignition was just realized, and therefore the time interval BC gives
the maximum delay, Cassel plotted a curve (fig. 20)~,based on camputed
pressures, in which he texmed the delay period the reaction period.” Thus
Cassel, too, clearly reco~ized the existence of the igniticm delay.

.

Dixon later (about 1922) improved his apparatus to prevent the pistin
frornbouncing by a method,similar to Cassel’s.

.
Dixon placed a lead collar

❑
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on the upper ad of the cylinder to receivw the impact of the piston rod
and provided sting spring-actuated clamps tiich seized.the rod and held
it firmly at the completicm of cmession.

The next piece of compression-ignition equipment was designed and
built by H. R. Ricardo ~d used by l’izardIn his investigations & engine
detonation (refermce 13). The apparatus was later used by Tizard
and Pye (reference 14) h fwrthermc e of the mrk end is described by
them as follows (see fig. 21) :

‘!l?lgure[21 shows di~ammatically the arrangeanentof the mechanism.
A very heavy flywheel A rotates quite freely on the shaft B, and is kept
spinning by sn electric motor at about 360 R .F●M. The shaft B cmied
between bearings the crank D, W outside one bearing, the internal
egsnding clutch C, which can engage with the flywheel rim.

“The piston E moves verticald.yin the jacketed cylinder F, Wch has
an internal diameter of ~ inches and can be raised or lowered bodily in

the heavy cast-iron cas~ of the apparatus when the compression ratio is
to be altered. The length of stroke of the piston is 8 inches, and its
motion is controlled by the two hinged rods G and H of tiich the latter
is carried on a fixed bearing at K. The hinge L is lhked up with the
crank pin by the compound cormectdng rod X. That part of the ccmnecting ‘
rod attached to the crank pti is tubular - contains the sliding rod M
attached to the hinge L. A clip O carried on the sleeve can engage with
a collar on the inner rod and hold the latter rigid in the tube. With
the connect- rod locked as one link, the crank is rotated by hand for
setting the piston in Its lowest position. When a compression has to be
made, the clutch is suddenly expended by a hand lever while the flywheel
is runnhg at high speed, clutch end crank are camied round with the
flywheel, and the toggle joint ELK is straightened until the hinge L lies
on the vertical line between tie piston centie end hinge K. At the
moment when L is vertically over K it cmes up agcdnst a leather pad, and
a clip comes into action which holds it in this position. At the same
moment, too, the clip O releases the two parts of the compound connecting
rod, so that while tie”two rods G and H me held h the vertical position
to take the large downward thrust of the piston when explosion of the
compressed mitiure occurs, the crank, flutch, and f-eel are free to go
on rotating, and the shock due to destruction of the momentum of the
moving parts is reduced to a minimum. The initial temperature of the
gases in the cylinder can he varied by means of a water jacket round the
cylinder, and the variation of pressure during end after compression is ,!
recorded by means of an optical pressure indica~ of the Hopkinson type.

Provision we also made for hserting en electrically &i ven fan
through the cyl-inderhead into the combustion chemlberin order to study
the effect of turbulente on Ignition temperature.

This compression machine was the first to provide direct measurements
b-. of cylinder pressures. This feature enabled Tizard and Pye to give an
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The apparatus had its limititfons, h~~er, ad left
desired. =-se of the shortcomings of %e mac@e sad the
were later made (1926) ta overcome them weme ~d Up by
(reference 5) as follows:

tie realm of

much to be
changes which
these authors

‘%or this purpose a modified apparatus was designed and built, which
has the advantage that it csn be used for experiments with simple gases,
such as hydrogen, which have fairly high igdti~ temperatures ~ the
presence of air or oxygen. Xf the initial tempera~e d the gas before
compression Is low, high compression temperatures csn only be reached by
employing him de~ees of compression. Thus Dixon end Crofts showed

. that a mixfmre of hydrogen and air initially at room temperature had to
be compressed in the ratio of 15:1 before ignition occurred. The excessive
compression pressures so produced oaused considerable experimental
clifficulties wherethe compression cylinder is lergs. To avoid these
clifficulties, the initial temperature of tie gas must be high. In our
old apparatus It was impossible to heat the gases hxl.tiallyto a temperature
much above 60°(C), since hi@r temperatures destroy the cup-leathers on
the pistmn, which contati the 021 seal necessary to keep the cylinder
gastf~t. ~ ow new apparatus this was overcome By arreng~ two cylinders
in tandem. The upper cyltider contains a plain closely-fittingplunger,
and it can be heated to lx-1800(C) by an oil $Mcet. The lower cylinder
is always kept at room temperature, and its piston is fitted with the
double cup-leather and oil seal described in the earlier paper. ~
compression, the pressures in the lower and upper cylinders balence, so
that there is no tendency for the gas in the upper wdcing cylinder to
escape. The general amangement is shown in the diagram , . . [See
fig. 22] ● The indicator of the Collins type, used to record the changes
of pressure of the gas, was described in detail by Fye. ~Jour. of Sci.
Inst., March 1925~

● ✎☛✎✎

✎

“The working cyltider has a diameter C@ 3 inches, and the stroke of
the piston IS 8 inches. The machine can be arranged to compress in a ratio
of either 6:1 or 9:1. But for the cylinder ccxmtruction the apparatus is
practically the same as the p?evious apparatua.

● ☛☛✎☛

�

“It is difficult, however, with an apparatus of this type to compress the
gases very suddenly, owing to the inertia of the moving parts. We fomd
that it was necessary for the time of canpressian to be greater than
0.05 second to avoid.l?ractureof tie moving parts; indeed, fracture.occurred -
on one occasicm when the time was as short as this, so that as a rule the
time of compression was kept constant at 0.14 second. t

m
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%nder these conditions tie max5mum ~essure reached by compression
is always ccmsiderably lo~r then that calculated on the assumption that
cc$npressionis adiabatic.

This statement was contrary to Fslk’s observation that the heat losses
in his apparatus were negli@%le, smi to Wove their point Tizard and Pye
made a series of compressicm with air only in the cylinder and anotlmr
series with hydrogen only. The final pressures were ylotted egainst
compression the as shown in figure 10. One unit on the pressure scale
equals 0.275 atmosphere. The true adiabatic compression pressure (assuming
1.4@ for the adiabatic expxnent) corresponds to zero time of ccmpressicm.
Tizard end Pye showed that leakage in the cylinder and increase in average
specific heat due to water or oil vapors were negligible In these tests,
and concluded that the difference is almost entirely due to heat losses.

M any compression machine, tierefore, the precision of results will
vary inversely with the carpressicm the. Of all the machines described
so fer, Cassel’s machine shows q? best in this respect, with a compression
the of 0.043 second (fig. 19). This value corresp~ds to a rotational
speed of 698 rpm, that is, assmntng the piston motion to be obtained by
means of a crank end connecting rod.

Ih 1%5 another compression machine, similar to Dixon’s more rec~t
apperatus, was built”in France by Pignot. This machine is described in
a paper by M. Aubert (reference 15). The machine possessed certain
original details, among which were the method of adjusting the length
of the stroke by screwing the plug E (see fig. 23) up or down the threaded
piston rod B, the menner of regulating the Mtial temperature of the
mixture by meens of the heating coil K surrounding the combustion cyliuder,
~ the use of a thermoco~le L, inserted directly b the combustion cylinder,
to measure the initial mixture temperature. Ih order to cope with piston
rebound, a set of spring-actuated clamps were detised (see fig. 24) which
snapped into the groove E on the plug E (fig. 23) at the end of compression.
Pignot did not provide any meens of recading cyltider pressures or piston
motion h this apparatus but later modtiied it to overcome the former
deficiency (reference 16\ by adding en qptical ~essure indlcatcm. The
~ressure-time records ptiliahed by Pi~ot tidicate hat although the
compression-the was reduced to about 0.025 secmd, the piston was not
actually prevented from bounctig at the end of the stroke (see fig. 25) .

After a lapse of some yeex%, the apparatus of Tizard end Pye was
agati put into service, this time at the National Physical Laborato~
in R@land by Fenning end Cotton (reference 17), who concluded an
exhaustive series of erperlments on ignition temperatures in 1929. The
results obtained, however, were inconclusive because & the ematic
behavior of the nachine. Reproducible results were Wf icult to realize,
partly because of, &.CCOrd~ b these expertiqters, mace actf~, fine

perticles in suspension In the cylinders, and friction. h an attempt
to reduce these effects Fennfng arklCotton made sn interesting addition
to the mkchine. (See fig. 26.) The upper cylinder was removed and
replaced by a mild steel plate to which m clazrcpeda fiber bulb.

—
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‘ The explosive mixture was admitted to the bulb only, and the remainder of
the cyltider, which was now well lubricated, was fil.ledwith air. Records
of pressure changes in the Air only were taken.

Although thla device looked premising, it did not provide the much
desired camistency. In additkm, “when used With benzene, hexsne,
acetone, and ether, the absorption of the vapour by the rubber was so
rapid as to exclude the Possibility of camying out any reliable bulb
e~eriments.” (See referenoe 17.)

A decrease W the compression time was the mati endeavor of a
compression machine devel~ed by V. C. Smith at the Massachusetts Institute
of Technolo

1?
in 1930 under the eqpervision of H. C. Eottel. (See

reference 1 .)

Smith used compressed air as the driving force rather than a fall-
weight or rotating flywheel, but encountered great mchanical difficulties
as.the speed of compression was tireased. liisa~aratue (fig. 27)
consisted of a conibuationcylinder A, 2-inch Inside diameter, machined
from a steel ingot, end an qper cylinder B, 3-hch tiside diameter,
machined from seemless steel tubing, the cylinders leing fitted together
in a manner which allowed them to be readily seperated after a test.
The lower cylinder was st+ped into a hea~ cast-&an base C, which was
bolted to a concrete”pedestal. The mixture was admitted by means of a
valve D and direct pressure measurements were made by means of an optical.
indicator set in the cylinder head E. The pistcm consisted of a lower
head F, a duraluminum pistan rod G, and an vgyer head H. The lower head
was made of phosphor-bronze and ccmtained two leatimr cup washers lubricated
with lanoltne, aud the upper head was a ccmposfte assembly of phosphor;
bronze and steel parts comtainimg two cast-ticm r- and one leather
rln&. (Details of this head are not shows in fig. 27.) The driving
charge of air was contained in the cylinder I which was seeled by a thin
dlaphra~ J, rigidly clamped as shown. The piston was held in its upper
yosition by a horizontal cast-iron pin K which passed throu@ a turnbuckle L
screwed into the piston head. The piston could be brought ~ firmly against
the upper stop, and any desired Initial stress placed in tie cast-iron pin,
by tightening the turnbuckle screw.

An electrically operated sleeve (not shorn in fig. 27), adapted ti
the neck of the air cylinder, was used to shear the dlaphragn. The cast-
Iron pin was snapped as soon as the pressure acted + @e upper headl and
this occum%nce was used to effect the electric opening of tie shutter on
the pressure-recording camera. SmLth had no difficulty in obtaining a
very rapid compression but was mdble to bring the piston to a dead stop
at the end of the stroke without rebound or mechanical fracture, so
ultimately he ltmited his compression t3me to 0.05 second. He employed
_ %enfo~ devices ~ ove~~e tiis defect, but did not make anY of
them work to his completi satisfaction.

.

I

One such device, shown in figure 27 at N, consisted of a collar fitted
into an annular recess filled “withoil. A small hole was drilled into the

r!,:
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recess end fitlmd with a piece of tubing connected ta a reservoir. The
impact ener~ of the piston stiiking the collar was expended in forcing
the oil through the small hole and into the resezwoir. This device,
however, was not a success.

Emith also fouud that tiertia forces disturbed his optical pressure-
recording system, causing relative motion between the light source,
indicator mirror, end camera.

He did not develop his machine to lihepohrt that it could be used
to collect reliable da- a caibustion, But he dld nMse a valuable contri-
bution to the technique of compression ignition by his efforts.

It is true that many other types of compression machines have been
hilt to study ccmibustion,but these were not suitable for tihedetermination
of adiabatic i~i tion temperatures or delay periods. Among these other
t~es, h which no attempt was made to prevent tie pfSton frcm ~~
outward after ccqression, may be mentioned the ccqression machine of
Duchene (reference 19) which was built to simulate gasollne-engine condi-
tions, and the various other ccngpresslonmachines snch as that of Pope
and Murdock (reference 20) used to rate Diesel flels.

.-

.
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The lower head of the machine (15), containing the ccmibustion
cylinder (4), water jacket (16), and mounting flemge (17), was machtied
from a one-piece semisteel casting. (See fig. 1.) The combustion cylinder
is 3.681 inches long and 2.002 inches in ddemetm. The removable head (14)
of the conibuetioncyllnder was made from alloy steel and was mchlned
ooncave on the inner su3Wace to dindnleh cooling & the contents during
and after ccmrpreasion. Any mechanical.impact of the piston snout at the
end of the stroke is received by a ring (19), clexqed between the head
and cylinder by a screw plug (18). The ring has en inside diameter of
1.875 inches snd was made from mild steel, @ound flat on the upper and
lower faces. The compression ratio is 14.9 without the r

%
and could be

altered to any lower value by using rings of d3fferent tiic ess. The
piston was d3meneioned so that, men the W (23) iE h cmtact with
the lower head (15), there is a cleemsnce of 0.003 tich between the snout
and the -t r~.

When the driving,end cushicm pressures axe in proper a~uetmmrt, no
impressicm is left on the ring by the snout; &us the snout contacts the
ring only very li#tly, M at all.

The condmstion cylinder 18 provided wlti tam dlemelxically oppo81te

Torts (20) (only one of which is shown in fig. 1), 0.062~ inch in diametar,
through which the conibustiblemirture is circulated. The pcmts are closed
by the snout immediately after the begimlng af the stroke.

Sealtig between piston snout and ccanbustioncylinder was accomplished
by electroplating a lead bend on tie end of the snout about 0.375 inch
wide and 0.003 inch thick. The piston was then freed Into the combustion
cyli@er by means of a hydraulic Jack and any excess lead was sheemed off
as the snout mtered the cylinder. The cylinder was heated to the normal
operating temperature, lm” F, before inserting the piston. An excellent
fit was obtained in this manuer. Tests made to determine the leakage
from the ccmibustionchauibersho,yedthat the seal.was satisfactmy. The
test procedure is described in the section PRECISION OF PRESSURE ME~.

The piston snout projects 0.681 fnch into the combustion cylinder
when the piston is at the begimnlng of the stroke (fig. 1). A part of
this space is required for the lead band, part for an annular leak-off
groove (35) cut -to the conibustioncylinder, ~ the remainder for a
gland seal (22).

The gland seal is used to prevent the leakage & nitrogen from the
.

cushion chamlxm into the mibustion cylinder. The seal ccmd.ata of a
neoprene rtng, having a l/4-inch-sq~ cross section and an inside diameter
somewhat smaller than the piston snout.

<
The ring is pressed lightly on

r



the piston snout end held h place by a oollar (34) secured to the
combustion cylinder. Pressure aoting on the top end outer face of the
ring results in a force whioh presses the ring fimly into the cleerance
space between the snout and ccmibuetionchauiber~t above the leak-off
groove. The top suri?aoeof the neoprene ring is notched radially to allow
the pressure to act upon it freely. ~ nibogen which leaks past the
gland is led off to the atzuosphereby the leek-off ~oove and two ducts (21),
only one of which is shown h figwre 1 ●

The upper part of the snout Is 0.010 inch smaller tn diameter then
‘ the part containing the lead bend. This clearsnce allows a emalJ_amount
of heavy cup grease to be used on the neoprene ring, for better sealing,
tithout danger of transmitting any of the grease to the oombustion chtier
Wa31s. The walls have been checked from time to time by wiping with a
clean white cloti, but no &aces of grease have been found.

The ccmibustloncylinder is s~unded by a water ~aoket (16) by meens
of which the initial temperate of the cylinder csn be controlled.

The piston was machined from a solid billet of chrome-molybdenum steel
and heat txeatad to a Brinnell hardness of 375. Al-3.sliding surfaces
were carefully ground. The finished piston wei@s 8.25 pounds, which
probably represents the minimum weight consistent with the severe duty to
which the piston is subjetted. The head of the piston mout was dished

, to a ahape shilar to the comlnzetionchamber to mhfmize cool- effects.

A series of 18 ports (10) were machined in the upper part of the
piston skirt. These ports register with an equal number of ports (n) in
the lower cyltider sleeve (12) when the piston ap~oaches the end of the
stroke, thereby releasing.the cushion pressure and allowing the driving
pressure to hold the piston on its seat.

Effective sealing between elclrtand sleeve was accomplished, as In
the case of tie snout, by electroplating a bend of lead about 1/2 tich
wide at the bottom of the piston and another shout lfi inch wide suet above
the piston ports. Any excess thickness of lead was sheared off when tie
piston was pressed into the sleeve. A coat of lead about 0.002 inch thiok
was also placed on the bottom edge of the skirt to ~nish the tendency
to rebound. The sleeve end piston skirt were Mbrioated with a thin film
of heavy cup ~ease.

The lower cylinder (2) was machined frm a section of centrifugally
cast, nickel-steel cannon b~l. !!?heover-= dimensions are 9.85Ij
by 8.977 inches and the lmre is 6.875 inches. Eigh en oval ports (24),
7/8 by ~ inches, were cut in this cylinder about

$
Inches from the bottca.

The cylinder is centered on a shoulder in the lower head of the machine
and held in place by 16 machine bolts.

The sleeve (E), machined &cm seamless steel tubing, was press fitted
into tie lower oylinder. The inside diameter of the sleeve waa ~und to
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allow about 0.001 fnoh clesmmce for the piston skirt. The sleeve can be
raised or lowered to very the pm% timing by using different comblnations
of rings (33) at each end of the sleeve.

The upper cylinder (1) of the machine was made from a piece of
seamless steel tubing, 1/2 tich thick, 10 ~hes long, and with a &inch

outside diameter. It was closed at its upper end by a head (25) made from
a heavy semisteel casting. The lower end of the cylinder rests on the
poppet-valve seat (26) tiich is clamped between the cylinder and a
flenge (27). This flenge is subjected to great stmesses end accordingly
was made from a solid billet & chrome-mol@M.enum steel. Theee parts are
held together by 16 throu# bolts (28) pass= frccuthe head to the lower
cylinder. Sealimg between the parts was prcmbled by carefully machined
surfaces or thin paper gaskets. The head was tapped to receive a l/k-in~
yipe through which the nitrogen is admitted.

The poppet valve and stem were made from cold-rolled steel. The angle.
of the valve face was 2~” and that of the seat 270. The valve seat was

also made of cold-rolled steel. A stuffing box (29) was yov-ideilIn the
head at the valve stem to prevent leakage. The valve was held closed by
one or nmre shear p+M (8), which were placed across two pieces of tool
steel. The tool-steel pieces were square h cross section, and rested an
a screw jeck (7). A piece of half-ro~d hardened drill rod with sharp
edges (30) was fitted into tie ~per part of the hole In tie stem and was
held in place by a locking pin (31). When the poppet valve was tightened,
the entire load fell on the shear pins. Two &eax piIISof squere cold-
rolled-steel rod, 1P inch on a side, were found sufficient to seel the
PoPIPt ~lve ~f ectiveQ for messures as high as 600 pounds per sqwxre lath.
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STETKUS 03? STRAIN-GAGE CIRCUIT

The strain-gage circtit is sham in figure 5 with the strati-gage
unit Indicated by the resistance Rab. The unit %s simply a pure resistance

composed of many turns of fine (nisoelaetic‘1)wire m a piece of flat
insulating materiel. (See reference 21.) Zhe unit is cemented onto the
stressed memiberin some suitable msmner end as the meuiberdeflects under
stiess~ the tie is s’tietchedthereby causing its resistance to increase.
If the @t is cemented so that its entire length is stretched with the
deflecthg metier, then the relation between s_bess and resistance change
will be linear =d a cons-t calibration factor can be found for the
useful range of the gage ●

This cslib-tion facter was detezmdned by measuring the resistance
ch~e wi~ a Whetstone bridge while stiess~ tie cyltider head, b the
outside of ~ich the gage was cementad, with defizdtely known pressures.
A special cylinder was c~tmzcted for this purpose end provided mesns of
clamping the head in a mannem identical with that used *en clamping the
head in the ccnnbustioncylinder. The special cylinder was filled with
oil and connected to a dead-weight tester tibich provided an accurate source
of pressure. The strain gage is sensitive to temperature changes and
this effect csn be very trcniblesomewhen performing the calibration. It
was offset by making a duusnygage, identioal with the original, which was
cemented to a block of steel. This dmmqy gage was used as one arm of the
bridge and as the szibientt~erature varied, the mass of the block was
sufficient b reduce the effect to inconsequential.proportions. The

calibration factor was thus found to be 3~ x 20-6 ohms per ohm per pound
per square inch fcm pressmes below 800 pounds per square inch.

The change in voltage drop across the gage occasioned by the chenge
in resistance under s-ess was recorded by the catiode-ray oscillograph
and correlated with the chemge in cylinder pressure. The larger the
voltsge drop for a given pressure change, the smaller the gain that need
be used on the cai2mde-~ osoillograpb em@ifiers end the greater the
freedom frcnnetisneous electrical inteflerence.

It will be noticed h the circuit,di+g?em of figure 5 that there is
a certsln -Unt of resistance in series vlfi the gage and a parallel
resistance RA. The series resistance was ued to limit the current

through the gage. Iieglectfng far tie mament the paxallel resistance, it
can be shown that the change W voltage droy across the gage (or “output’~
for a small change ti gage resisteace is given by
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the tipreased electranotive foroe E.

value of S 5.sm inherent pwper@ of the tire in the gagej

‘g
a metal.giving a lar~ change in reaistanoe with strain will givu

%

It czm be sho& by

iaamaxhmm when RI=

d3fferentlatlcm that the quaM*
RIR

n“
Rl+R 2

Rg} assumixig E is cmstent. h PracMce, howevm,

E ties as RI is ohanged and the optiuuzmvalue of R1 1S most readilY

determined by txial. .

The xssed elecrtmmotlve foroe is MmLted by the ability of the
gage to dissipate heat, and serious emors w be introduced by increasing
E beyond the limlting value. M this commotion it is desirhble to have
ae many effeotive turns an the gage as possible ti order to permit the
maximum value of E for a given current.

A strain gage having a resistance of 1000 chas was used anclvalues
of R1 and E of ~ ohms and 135 volts were fomd suitable for this work.

The auxlli~ parallel resistance RA was used to provide a pressure

scale on the records. This purpose was aoccqplished by closing the switch
at A where~n the voltage drop across the stmati gage was ticreased. This
voltage drop could be made to represent any ~smn?e by the proper adjuatznent
of the resistances, RA and Red. If, then, the switch at A was suddenly

closed and opined an instant before the cqession of the cherge, a square
wave witi an amplitude representing a &efinite pressure would be impreseed
on the record. The closlng and opening of the switoh was effected in the
actual apparatus by tie falling weight stzzlkingthe am of the contaok

r
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switch (81) (fig. 2) just Before impinging on the poppt valve. The
resulting calibmtion mark is shown in figme 28.

E it is desired to have the calilmatim mark represent a pressure
of, say, ~ pounds per square inch, the resistance tn series with the
gage is divided into two parts end one of them, Rca, is included in

the parallel circuit with RA. The value of Rcd is arbitrary and was
made 100 ohms ti this circuit. The problem of determining the appropriate
value of RA may then be stated as follows:

Required to find the value of RA which will make the voltage drop

across the strain gage equal for the followhg two cases:

(1) W POIXI* per Sqe -h on the strain gage Rab; resistance
RA not h circtit.

(2) 270 press~e ~ the s~in gagej resis~ce RA in parallel

wi~ resistance Rcd.

Let,

m

end

M=

y.

calibration factor for the strati gage, ohms chmge per ohm of
uns~ained gage resistance per pored yer square inch

5CXln,calibration factor In ohms per o’~ per ~ pcmnds per s~~e inch

l+M

Case (1)

Rab = 1000Y

The total resistance in the circuit ~, ne@.ect.ingthe lmpe~ce

of the oscillo~ph cad.the internal resistance of the batteries, is

~=xOO+lOOm

The cwrent in the circuit I is

1=:= =:1-
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The voltage drop across the strain gage is

Eg = ~ab =
1000EY

5000 + 1000Y

R* = MOO

100RA
Rc& = —

100 + RA

●

I

-,—

1

The current flowlng through

1.

J.
100+RA -

.—

The voltage drop across the

Eg =

the strain gage is
.

E

:= l~A
—+5$X30
100 + RA

e

strain gage 1s:

n?~~ =
1000E

10CIRA
-+
100 + RA

It is required that’for these two cases,

where the subscripts indtcate cases[1)and(2),respectively.

NOOEY ‘ 1000E

moo + 1000Y = l#RA
—+590’0100 + RA

RA =
490UY

Ax 5000 -
50 Y-1

r,.
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It was found experimentally that m = 5.62 x 10-6 ohms yer ohm
per pound per square-inch, so that

y.l +500x5.62)(

= I + 2.81x 10-3

and therefore

RA = 614 OhlUS

The same result could have been achieved without using the parallel
resistance RA hy momentarily short-ciz%uiting the series resistance Rcd.

This method would involve a readjustamnt of the valws of the
resistances ~d - Ref, of course, and a much mml.ler value of ~d

would be required. It is tie difficulty encountered in f=ing chea~, yet
accurate, commercially available resistors of odd values in the low range
which renders this method less convenient than the parallel eanwmgement.

Ih the present work tie pressure scale could
because the calibraticm factor of the gage varipd
for this variation has not yet %een determined.

not be used as
with use. The

planned
reason
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APX’R?DIXD

METHOD OF C~ IJMK4GE CURVES

voLm5E al?Commm!lm FI!mlmS

I?m

It wae found that an explrical ourve of the form

+-c (1)

could be fitted to the intermediate leakage curve of figure 8 over a
20-eecond titerval. lh this eqnaticm,

P absolute premmre

v 6pecific volume

n constant

c constant

At any instant, the rate of change of

VI = Volume of chamlmr +

will be proportional to some power of

the mass of gae In volume,

Volume of connectlone

the pressure p. Assume the first
power, and let s be the average density of the gas at any Instant; then

<)VIP
—=CIPdt

or

@
%~=clP

where c1 is a conetant aad t is time.

Aleo

0
1
7

‘1 ~= c1 p

emd from equatia (1)
1

1
()
~=—=

v c

.

i

4

❑



WWA~ HO. 1332

60 that

and >

or
1

1.2 . n(c)= c1
(P)n dp = — dt

VI

39

Integrating

, where C2 and C3 are C031St&UltS, C3 depending on the initial preesme.

Themefore the time to reach a given pressme varies directly as the
volume.

Iil* Chszdlerslumlrlgvolumes VI end V-2, the time to reach a

certain pressure p will be b the ratio

% V1
t2 V2

“‘I!hevolume of the cmhstim chedmr when the piston was at tie bottcm
of tie stroke was 14.1 cubic centimeters, and the total volume of the
chaniberand connections was 38.8 cubic centimeters. !Cherefore the abscissas
of the intermediate cmve of figure 8 should be reduced In the ratio

14.1

m
= 0.363 to give the true curve of

applying this factor is the lower curve

. .

leshge. The curve o%tained by

of figure 8.



40 NACA TN No. 1332

.
.—

1. Leary, W. A., Taylor, E. S.,Tsglor, C. F’.,and Jovellancm, J. U.: me
Effect of Fuel Caposithn, Cmupressloh Pressure, and Fuel-Air Ratio
on the Compression-Ignitioncharacteristics M Several Fuels.
lWICATN NO. 1470, 1948.

2. Diver, J. R.: Design of a Rapid Ccm~ession Device for Detonation

Research. Thesis for Bachelor of Science, M.1 .T., 1940.

3. Welles, Owen W.: Theoretical end Actual Dynamics of the M.I.T. Rapid
c~ression whine. Thesis for Bachelor”and Master of SoIence,
M.I.T., 1.943.

4. Taylm, E. S., Lesmy, W. A., and Diver, J. R.: lHfect of Fuel-klr
Ratio, EiLet Temperatlzre,end Exhaust Pressure on Detonation.
NACA Rep. No. 699, 1940.

5. Tizard, E. T., and Pye, D. R.: Z@rLtian of Gases by Sudden Compression.
Phil. lkg., vol. 1, series 7, no. ~, MW 1926, pp. 1094-1105.

6. Hershey, R. L., Eberhardt, J. E., and Hottel, H. C.: Thermodynamic
Properties of the Waking Fluid in lhtemal-Combustion Engines.
SAE mans,, VOL. 39, no, 4, Oct. 1936, pp. 409-424.

7. Leery, W. A., and Taylor, E. S.: The Si@ficsnce of tie Time Concept
in Engine Detonation. HM2A ARR, Jan. 1943.

8. FalJc,K. G. x The Igniticm Temperature of Hydrogen-Oxygen Filxtures.
Jour. Am. Chem. SOC., vol. 28, no. 11, Nov. lg06, pp. 1517-1534.

9. Falk, K. G.: The Ignition Temperature of Gaseous Mixtures. Jour. Am.
Chem. Soc., VO1. 29, no. 11, Nov. 1.907, pp. 3536-1557.

10. Dixon, H. B., Rradshaw, L., and Campbell, C.: The Firing of Gases by
Adiabatic Compression. Jour. Chem. Soc. (Tmns. ). vol. 55. Dart II.., . ..- ,
1914, PP● 20%2035 .

I
U. Dixon, H. B., and Crofts, J. M.: The Firi~ of

Compression. Jour. Cheau.Soc. (Trans.), vol.
pp. 2036-2053.

12. Cassel, Hens: tier Entflsmdng und Verbremnang

Gases by Adiabatic
55, ~ II, 1914,

von Sauerstoff-
Wass6rstoff-Gemlschen. b. ‘der PhyE.,vol. S1, no. 23, 1916,
pp. 685-704 ● .

13. Tlzsrd., H. T.: The Causes of Detonation in Ihtemsl-Combustion Engines.
T&ens. North-East Coast Inst. of Engineers and Shipbuilders, vol. 37,
session 1920-21, pp. 381-4-40.

—



NACATNNo. 3.332 41 ‘

14.Tizard, H. T., andpye, D. R.: ExperWnts on the Igition of Gases by
Sudden Compression. Phil. Msg., vol. 44, series 6, no. 259,
July ~, pp. 79, 121.

.

15. Aubert, M.: ~tude physico-chimique de quatre contmstibles liqu,ides

16.

17 ●

18.

I-9.

20 ●

.
21.

.

ex&&its d %n goudron primaire, obtenue k peirtir des d6chets
d ‘ex&wction des Mines domeniales frencaises de la Sarre. Chaleur
et %dustxie, vol. 6, no. 64, Aug. UK!S, pp. 373-379.

Pignot, A. : I&de des phbzbnes de cmhzstion des m’lemger gazeux
par enregistiement des pressions. Chimie et Industrie, Nmero Specie2,
Huitieme COzqgess de CMmie Ihdustriel, Feb. 1.5Q9,p. 231.

Fe-, R. W., and Cot-, F. T.: E~riments a the Ignition of Gases
by Sudden Compression. R.i?cM. NO. 1324, ~tish AJ?.C., 15Z29.

Ehith, Victor C.! A Study of Homogeneous Combustion in Gases. Thesis
for Docti of science, MDIoT., 19300

Duchene, Roger: Conibustionof Gaseous Mixhmes. IUCA TM No. 694, 1932.

Pole, A. W., Jr., and Mock, J. A.: Compression-IgnitionCharactir-
is%ics of-Injection-EngineFnels,. ME J&r., vol .–30, no.
March 1932, pp. 136-142.

Nettles, J. Cary, and Tucker, Maurice: Construction of Wire
Gages for Engine Application. NACA ARR No. 3LQ3, 1943.

3,

Strain

. .

●



42 NACA TN No. 1332

Uppercyl~nder
Lowercylinder
Cushionchamber
Combustioncylinder
Piston
Poppetvalve
ScrewJack
Shearpin
Pistonsnout
Pistonports

%?:cf?%%s!%:
Strain age
Fle~ovabe head
bwer head
Water jacket
~ountin flange

?Screwp ug
Impactrings
Combustion-clinderports
Nitrogenduc{
131ati-seal
Pistonskirt
Iower-cylinderports
Head
Poppet-valveseat
F1ange

:%%gh$:s
Hod
Lockin pin

%Indica ing-lamp connection
Sleeve rims
Collar -
Leak-off groove
Piston camera
Spotlights
Pressure-relief hole
check valve

I

Figure l.- Sectional view of the M.I.T. fapid
(For construction details see appen- B.)
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compression machine.
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Rope bracket
wigh~ trigger
Rep. stop
Rope bracket
Nitrogen cyllmier
Driving-pressure gage
Coehio-pressure gage
Jcdfebwater header tank

Resistance keathg unite

Thermostat

connectingpipe
Fuel-dr mixing tank
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II

J8ckct-H8twr thermometer ~~
Stem heat exchanger 77
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~\
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Wt-atr valve
wet-air mlve
Presmr+relief valve
Air filter
Hygrometer
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Pressu!w calibration switch I
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F5gure 3.- Photographs of the M.LT. rapid comp~ession”app~at~ o.’”-
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Figure 4.- Cross section of’ fuel-air mixing tank.
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Cathode-ray
oscillograph

E

.

.

.

.

I 1

c de f a

1 ~YyJ 4’000’: ‘ooo+d’gohm

I
Figure 5.- Strain-gage circuit.
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Figure 6.- Details of pressure-recording camera.
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Piston
displacement

IG H
!

piston
displacement

I CD E
1

IJ K L MN o

Cylinder
pressure

Piston
displacement

F

Cylinder
pressure

Piston
;displacement

; CylMer

Ipressure

—- ~Piston
displacement

~

Rig-ire 7.- Specimen records ofpistondisplacement and cylinderpressure obtaind with the

M.I.T. rapid compression machine.
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Figure 8.-

dhmmdiately after plating on lead band

connecting lines

[ I 1

, , ,
4 8 12 16 20 24

Time, sec

Leakage curves; change incombustion-chamber pressure
with time.

Time, sec

o 10 20 30 40 50 60 70

Corresponding delay, in.

E&ure 9.- Results of heat-loss test showing drop in compression

pressure with time. Pressure is measured ti terms of cathode
ray-oscillograph response.
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Figure10.- Pressure-time curves for air and hydrogen obtained by
Tizard and .Pye to demonstrate heat losses. (From reference 5.)
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Figure11. - CaJibration curve for strain gage and cylinder head unit.
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U2 0 200 300
Facto~~ proportional to input voltage

Figure 12. - Over-all response of oscillograph-optical
suddenly applied voltage.

~ E

A A

[
L 4 L

I

system to
-.

IHgure 13.- Sketch of Falk’s original apparatus. (From reference. 8. )
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Figure 140- Photograph of Falk’s improved
reference 9.)

apparatus. (From

Figure 15. - Cross section of apparatus used by Dixon, Bradshaw, and
Campbell. (From reference 10.)
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Figure16.- Pendulum arrangement used by Dixon,
Canmbell. @om reference 10.)”.

Bradshaw, and

Figure 17. - Compression machine used by Dixon and Crofts. (l?rom
reference 11.)



60 NACA TN No. 1332

b“I — ‘i

D A F.s.

\
40*+2K

Figure 18. - Details of Cassel’s
machine. (From reference 12. )

BG

Figure 19. - Record of piston motion
obtained by Cassel. (From
reference 12. )

Figure 20. - Pressure -time curve of
compression ignition computed by
Cassel. (From reference 12.)
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Figure 21. - Details of com-
pression machine used by
Tizard and Pye. (From
reference 14. )
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Cun.cr

CawcAL w

Figure 22. - Tandem cy~er comp-
ression apparatus of Tizard and
Pye. (From reference 5.)

Gas
mixture *

61

H

I

Figure 23. - The compression
machine of Pignot. (From
reference 15. )
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<
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Figure 24. - Detail of the clamping
mechanism of Pignot’s machine.
(From reference-15. )

Figure 25. - Pressure -time
explosion records obtained
by Aubert and Pignot.
(FrOm reference- 16.)
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F@re 26. - Fenning and Cotton’s
adaptation of rubber bulb to
compression machine of Tizard
and Pye. (From reference-~ 7.)

63

Figure27.- Compression machine
developed by V. C. Smith.
(From, reference 18.)
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_ ~.- SpeCimm record showing electricallydetermined pressure scale.
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